Abstract: Due to heat transfer of liquid steel, ambient temperature of induction coil in the electromagnetic induction controlled automated steel-teeming (EICAST) system is extremely high, which causes the coil damage and seriously restricts development of the EICAST technology. To solve the problem, a numerical simulation method was used to study the heat insulation effect of using different kinds, different thicknesses and different positions of heat insulation materials on induction coil. Finally, the optimum heat insulation method of induction coil was obtained and validated by experiments. The results show that after 10 mm heat insulation coating or 5 mm insulation coating +5 mm insulation felt was arranged on the outside of induction coil, the ambient temperature of the coil could be reduced to 614 • C and 589 • C, respectively. The two methods above can get the ideal heat insulation effect and meet the life requirements of induction coil for the EICAST technology.
Introduction
Due to the use of nozzle sand during the steel-teeming process in continuous casting production, the steel cleanliness will be affected and the free opening rate of ladle cannot reach 100% [1] [2] [3] . Metallurgists [4] [5] [6] have done lots of work to reduce the pollution generated by nozzle sand to liquid steel and to improve the free opening rate, but they have not thoroughly avoided the use of nozzle sand. The Electromagnetic Induction Controlled Automated Steel-Teeming (EICAST) technology completely solves the drawbacks caused by the use of nozzle sand in traditional steel-teeming technology [7] [8] [9] [10] [11] . In this new technology, the nozzle sand is replaced by Fe-C alloy particles, whose composition is similar or the same as the liquid steel, and an induction coil located in nozzle brick is used to melt part or all of the sintered Fe-C alloy. However, the application bottleneck of this technology is found during the industrial test process. As a key device of the EICAST system, the induction coil needs to be installed inside the nozzle brick and to cycle with the ladle. According to the actual production process, the ladle needs to undergo baking, containing liquid steel, refining and the steel-teeming process. During the baking process, induction coil will bear heat transfer from the upside of nozzle brick at about 1000 • C for 2 h. When liquid steel in the ladle enters the refining stage, it will bear heat transfer not only from liquid steel on the upside of nozzle brick at 1600 • C for 2 h but also from the Fe-C sintered layer inside upper nozzle for 2 h. All of these will cause the ambient temperature of induction coil to remarkably increase before it works. As the ambient temperature increases, the resistance of induction Metals 2019, 9, 434 2 of 12 coil will also increase, which will lead to the power supply needing to output higher power to meet the induction heating requirement. During the steel-teeming process, induction coil will also bear heat transfer from liquid steel in the casting hole for 40 min. The induction coil has to service at least 30 thermal cycle times according to different production conditions. While the softening temperature of induction coil is only 650 • C [12] , the structure strength and hardness of induction coil will decrease obviously when the temperature is higher than 650 • C. The performance of copper induction coil will be poor under thermal shocks repeatedly, which directly causes the coil damage and seriously restricts the wide industrial success of the EICAST technology.
To solve the problem of coil excessive high temperature in the EICAST system, He et al. [13] analyzed the heat condition of induction coil under different stages and obtained ambient temperature of induction coil by numerical simulation. It was found that the coil ambient temperature is 626 • C after heating at 1000 • C for 2 h and refining at 1600 • C for 2 h, and it reaches 791 • C after steel-teeming for 40 min. Liu et al. [14] found that high ambient temperature can be reduced by arranging heat insulation material on the outside of induction coil. The ambient temperature of induction coil can be reduced to 150 • C after arranging 40 mm vermiculite as a heat insulation layer outside the induction coil. Although arranging 40 mm vermiculite can achieve a better heat insulation effect, the thickness of 40 mm cannot meet the actual production requirements, and the safety has not been tested and analyzed. Currently, in order to meet the severe heat protection requirements, high temperature heat insulation material has achieved great development [15] [16] [17] [18] [19] [20] , new heat insulation materials represented by aerogel [21] , nano heat insulation material [22] , fiber heat insulation material [23] and heat insulation coating [24] are lighter and thinner, their heat insulation performances are better, which may be provide new method to reduce the coil ambient temperature and to ensure the feasibility of the EICAST technology.
Therefore, a numerical simulation method is used in this paper to study the heat insulation effect of different kinds, different thicknesses and different arrangement methods of heat insulation material arranged for induction coil. Then, the optimal results of numerical simulation are verified by experiment, and the optimum heat insulations method to reduce the ambient temperature of induction coil is obtained.
Research Methods

Numerical Simulation
In this paper, the commercial software ANSYS (ANSYS 12.0, ANSYS Transient Thermal, ANSYS Inc., Pittsburgh, PA, USA) is applied to calculate the thermal field. Figure 1a shows the model of nozzle brick in numerical simulation calculation, which is a reference to a steel plant. The front sectional elevation of nozzle brick and relevant sizes are shown in Figure 1b . The point A of induction coil in front view is its ambient temperature in numerical simulation. The meshing of the model is given in Figure 1c . The computational domain was discretized by using about 400,000 nonuniform tetrahedral/hexahedral grids. In particular, densely packed grids are applied to the coil, the heat insulation material, and the casting hole. In the process of calculation, the irrelevance of the number of grids and the time step has been discussed. Some sizes of model are shown in Table 1 , the casting hole (filled with Fe-C alloy particles) is a three circular truncated cone structure, and the parameter size in the table is the diameter of the upper surface of the circular table. The distance between the center of the casting hole and the center of the brick is 100 mm (both centers are on the longitudinal section of the center). The induction coil is made by a copper tube with a specification of 20 × 20 × 3 mm 3 , the turn of induction coil is 6, the space between two turns is 5 mm, and the inner diameter is 235 mm. In order to reduce the amount of calculation, some assumptions are proposed:
Model and Mesh
(1) Due to the heat transfer effect of the Fe-C alloy on coil temperature being constant under the same condition, the Fe-C alloy particles are well packed in the upper nozzle and the space between it can be neglected;
(2) The upper nozzle working with the nozzle brick is neglected as a whole part of the nozzle brick; (3) The molten steel temperature is 1600 °C and initial environment temperature is 22 °C, and the adiabatic layer is around the nozzle brick.
(4) There is air filling in induction coil and contact with the bottom of the nozzle brick, and the convective heat transfer coefficient is 5 W/(m 2 ·°C) and 15 W/(m 2 ·°C), respectively.
Governing Equations
In the case of the three-dimensional heat transfer process, partial differential equation of heat conduction as followed can be used in calculating: In order to reduce the amount of calculation, some assumptions are proposed:
(2) The upper nozzle working with the nozzle brick is neglected as a whole part of the nozzle brick; (3) The molten steel temperature is 1600 • C and initial environment temperature is 22 • C, and the adiabatic layer is around the nozzle brick.
(4) There is air filling in induction coil and contact with the bottom of the nozzle brick, and the convective heat transfer coefficient is 5 W/(m 2 · • C) and 15 W/(m 2 · • C), respectively.
In the case of the three-dimensional heat transfer process, partial differential equation of heat conduction as followed can be used in calculating:
where: ρ is the material density, kg/m 3 ; c is the specific heat capacity, J/(kg· • C); T is the temperature, • C; τ is the time, s; λ is the thermal conductivity, and W/(m· • C). Table 2 gives the physical parameters of the materials during numerical calculation. The thermal conductivity of heat insulation materials and air play a vital role in the induction coil heat insulation, and it is the focus of this paper. Therefore, the thermal conductivity of heat insulation materials and air varying temperature is given, and the thermal conductivity of three other materials does not change with temperature. The temperature curve, which is the load exerted on the brick, was designed according to a steel mill. Firstly, the upside of nozzle brick was heated to 1000 • C by 60 min and holding for 120 min, in order to imitate the baking stage of ladle. Then, the temperature was raised to 1600 • C by 30 min and holding for 120 min, in order to imitate the refining stage. Finally, the upper surface of nozzle brick and the inner surface of casting hole was heated to 1600 • C and holding for 40 min in the simulation, to imitate the steel-teeming stage. After the 40 min, it was cooled in free air to the room temperature.
Physical Parameters
Experiment
In order to simulate the real production situation in a steel plant and to compare the simulation results, an experimental platform was built in the laboratory. Figure 2 shows the schematic diagram of the platform. The upside of nozzle brick can be directly heated by resistance furnace, and the highest temperature can exceed 1600 • C, which can replace molten steel. Two heat insulation materials, heat insulation coating and heat insulation felt, were selected for induction coil to do experiments. After the heat insulation materials were arranged outside the induction coil, they were installed inside nozzle brick for thermal experiments. During the experiments, the first thing was to fill the Fe-C alloy particles into the casting hole. Then, the resistance furnace adjusted to right position was opened to heat the nozzle brick according to the temperature curve. Finally, during the heating process, the temperature was measured by a K-thermocouple which was arranged in the nozzle brick. We repeated the experiment for three times to ensure the accuracy. 
Validation of Numerical Simulation
The validation of numerical simulation can be found in our previous paper [13] . The ambient temperature of induction coil is calculated by numerical simulation and measured by experiment. Experimental results agree well with numerical simulation results after the upper surface of the brick reaches 1600 °C, as shown in Figure 3 . 
Results and Discussion
Simulation Study on Effect of Heat Insulation Material Thickness
Heat insulation material thickness of the induction coil is limited by the sizes of nozzle bricks in the EICAST system. With the increase of the heat insulation material thickness, the strength of nozzle brick will decrease continuously. Therefore, ensuring the strength of nozzle brick, the influence of using 4, 6, 8 and 10 mm heat insulation coating on induction coil temperature is analyzed, respectively. 
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Experimental Study on Different Heat Insulation Methods of Induction Coil
Numerical simulation results denote that the 10 mm heat insulation coating or heat insulation felt are suitable for the EICAST system by arranging on the outside of induction coil. Two heat insulation materials, 10 mm heat insulation coating and 10 mm insulation felt, are used in the experiments. In addition, the effect of the combination of two heat insulation materials on the induction coil temperature is also analyzed. Therefore, three different experiments are carried out as follows: (1) 10 mm heat insulation coating; (2) 10 mm heat insulation felt; (3) 5 mm heat insulation coating +5 mm insulation felt. Figure 8 demonstrates the induction coil temperature after arranging 10 mm heat insulation coating and 10 mm heat insulation felt on the outside of induction coil. The experimental result error is less than 20 °C by repeating three times, which indicates that the two heat insulation materials are stable and can resist repeated thermal shock. After the upside temperature of nozzle brick is 1600 °C for 2 h, the temperature difference of 10 mm insulation felt is bigger, so its heat insulation effect is better than that of the heat insulation coating theoretically. However, the final coil (614 °C) temperature of using heat insulation coating is lower than that of using the heat insulation felt (683 °C); the reason is that the heat insulation felt has lower density and higher specific heat capacity. Therefore, for reducing the ambient temperature of induction coil, 10 mm heat insulation coating is 
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Conclusions
(1) The heat insulation coating and zirconium silicate porous felt are suitable for heat insulation of induction coil, and when the heat insulation material thickness is 10 mm, it will not change the strength of nozzle brick, and can achieve a good heat insulation effect.
(2) The ambient temperature of induction coil can be reduced by arranging the heat insulation materials on the outside and upside of induction coil. However, when the insulation layer is arranged on the upside of induction coil, the structure of nozzle brick will be changed and the external temperature of heat insulation material exceeds its limit use temperature. Therefore, heat insulation materials arranged on the outside of induction coil are more suitable for the EICAST technology.
(3) When 10 mm insulation coating is arranged on the outside of induction coil, the ambient temperature is 614 °C after upside temperature of nozzle brick is 1600 °C for 2 h, and it can be reduced to 589 °C by arranging 5 mm insulation coating +5 mm insulation felt. Both the two methods can achieve admirable heat insulation effect, and they meet the requirements of induction coil service life in the EICAST technology. 
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